The musculature of the marginal hooklets of adult Macrogyrodactylus congolensis (Prudhoe, 1957) Yamaguti, 1963 has been studied. Each marginal hooklet of M. congolensis is associated with three pairs of muscles. The possible role of these muscles in the operation of the marginal hooklet is discussed. Transmission electron microscopy has been used for the first time to study the marginal hooklets of M. congolensis. The handle articulates with the blade in the region of the guard. Internally, the handle, the proximal region of the blade in the articulation region and the distal pointed region of the blade consist of three layers. Distal to the articulation region, the blade consists of four layers with differing electron densities. A cavity is associated with the distal region of the blade and the handle. A cyton containing secretory bodies of different sizes and shapes was found in association with each marginal hooklet. The possible function of these secretions is discussed.
Introduction
The genus Macrogyrodactylus (Malmberg, 1957) has been recorded from the gills, skin and fins of African freshwater fishes and its biology has been studied by many authors (see for example Khalil 1970; Schmahl and Elwasila 1992; Harris 1993; Douëllou and Chishawa 1995; Cable et al. 1996 Cable et al. , 1997 . In Egypt, two species of the genus Macrogyrodactylus namely, Macrogyrodactylus clarii and M. congolensis have been recorded from the gills and skin respectively of the catfish Clarias gariepinus (see Serag 1987, ElNaggar et al. 1999) . Many studies have been carried out on the biology and anatomy of these two species. El-Naggar (1993a) paid attention to the structure of the anterior adhesive areas and haptor of M. clarii using the scanning electron microscope. El-Naggar et al. (2001a) studied the chaetotaxy of both M. clarii and M. congolensis and they noted argentophilic elements in the nervous system. El-Naggar et al. (2001b) studied the patterns of movement of three gyrodactylid monogeneans, Gyrodactylus rysavyi, M. clarii and M. congolensis. Arafa et al. (2003) used scanning electron microscopy to study the surface features of M. congolensis and the footprint of the haptor on the host skin. El-Naggar et al. (2004 studied the neuromusculature of M. clarii and M. congolensis, respectively.
None of the above studies concentrated on the musculature of the marginal hooklets of Macrogyrodactylus spp. So, in an attempt to understand how the hooklets are operated and their roles in locomotion and attachment, it was decided to investigate this musculature in detail, using phase contrast and light microscopy on living and stained specimens and phalloidin-staining for actin, in conjunction with fluorescence microscopy.
Little is known about the ultrastructure of monogenean haptoral sclerites. Shaw (1979) studied the specialised clamp sclerites of the polyopisthocotylean monogenean Gastrocotyle trachuri and other monogeneans, but he paid no attention to other haptoral sclerites. Marginal hooklets are the "hallmark" of monogeneans, being universally present in the larvae (oncomiracidia) and often persisting in adults. El-Naggar (1992 , 1993b studied the ultrastructure of the marginal hooklets and hamuli respectively of the monopisthocotylean gill parasite Cichlidogyrus halli typicus, but the ultrastructure of the marginal hooklets of Macrogyrodactylus spp. is unknown. Since the ultrastructure of the hooklets may be related to function, it was decided to study the ultrastructure of the marginal hooklets of M. congolensis.
Materials and methods
Specimens of Clarias gariepinus (Burch) (syn. C. lazera) were obtained from the Demietta branch of the River Nile, near Mansoura, Egypt. Fishes were kept alive until required in tanks containing river water. Fishes were killed and the skin was scraped using a sharp blade. The scrapings were placed in Petri dishes containing filtered river water and searched for Macrogyrodactylus congolensis with a stereomicroscope. Fins were also removed, immersed in river water in separate dishes and searched for parasites with a stereomicroscope. Some living specimens were flattened between a glass slide and a cover slip and stained with light green and eosin according to ElNaggar et al. (1999) . Some living and stained flattened specimens were examined using light and phase-contrast microscopy together with oil immersion equipment.
To prepare phalloidin-stained specimens, some living, slightly flattened specimens were fixed for about 1/2 h at room temperature in 4% paraformaldehyde buffered to pH 7.4 with phosphate buffer, then washed several times with phosphate buffer. The specimens were placed in phalloidin stain in darkness for about 1/2 h at 30°C. The parasites were then washed using phosphate buffer, mounted on clean glass slides and examined using a fluorescence microscope.
Specimens of M. congolensis were prepared for scanning electron microscopy (SEM) according to El-Naggar (1993a) and Arafa et al. (2003) . They were washed using distilled water, then fixed for about 1/2 h at 4°C in 1% osmium tetroxide in 0.1 M sodium cacodylate-HCl. The specimens were washed for about 1 h in several changes of cold buffer (0.1 M sodium cacodylate containing 3% sucrose and 0.1 M CaCl 2 ). Post-fixation was carried out for about 2 h using 2.5% glutaraldehyde buffered to pH 7.3. The specimens were left in washing buffer overnight and were then dehydrated using an ascending series of acetone solutions. Critical point drying was carried out using a polaron critical point drying unit with carbon dioxide as the transition fluid. The specimens were then coated with gold and examined with a JEOL STEM electron microscope operating at 80 kV.
Some specimens of M. congolensis were processed for transmission electron microscopy (TEM) as follow: the parasites were washed using distilled water, then fixed in 2.5% glutaraldehyde buffered to pH 7.3 with 0.1 M sodium cacodylate-HCl buffer at 4°C for about 2 h. The specimens were washed for at least 1 h in several changes of cold buffer (0.1 M sodium cacodylate-HCl containing 3% sucrose and 0.1 M CaCl 2 ). Post-fixation was carried out using 1% osmium tetroxide in sodium cacodylate buffer at 4°C for 15 min to 1 h. The specimens were left in the washing buffer overnight and were then dehydrated using an ascending series of ethanol solutions. They were then placed in a mixture of propylene oxide and Spurr resin, orientated and embedded in capsules containing resin. The capsules were placed in an oven overnight at 60°C. Ultrathin sections were cut at 70-90 nm using glass knives. The sections were mounted on single-hole and 75-mesh coated grids and stained in a solution of aqueous or alcoholic uranyl acetate for about 30 min followed by lead citrate for about 5 min. The sections were examined using a JEOL STEM electron microscope operating at 80 kV.
Results
The haptor of Macrogyrodactylus congolensis is equipped with one pair of hamuli, two connecting bars (one dorsal and one ventral), eight pairs of marginal hooklets and five pairs of accessory sclerites. Seven pairs of the marginal hooklets are located in a flap projecting from the dorsal surface of the posterior region of the haptor (Figs 1-4) . Each of the 14 hooklets is mounted in a projecting fleshy lobe (Figs 1, 2, 4). Each of the two remaining hooklets is located in a lobe projecting from the anterolateral region of the haptor (Fig. 3) . The distal tip of the blade of each marginal hooklet projects from an opening located at the distal end of its lobe (Fig. 4) . Phase contrast observations on well flattened living specimens of M. congolensis revealed that each marginal hooklet consists of a handle, a blade, with a guard and a domus (Figs 5, 7) . The handle articulates with the blade in the region of the guard (Figs 5, 7) .
Phase contrast and light microscope observations on stained specimens (Figs 1, 2) and fluorescence microscope observations on phalloidin-stained specimens (Fig. 6 ) of M. congolensis revealed that there are three pairs of muscles associated with each marginal hooklet (Fig. 7) . These muscles are protractor muscles (pm), retractor muscles (rm), anchoring muscles (am) and rotating muscles (rom). Allocations of these names for muscles are for convenience of description and may reflect their possible function (see Discussion). The two protractor muscles are attached to the proximal end of the handle and run obliquely in a distal direction relative to the hooklet (Fig. 7) . The terminal ends of these muscles are inserted into the tegument of the proximal region of the flap. Retractor muscle is attached to the outer convex surface of the proximal part of the blade, while the anchoring muscle is attached to the guard region. They extend posteriorly where they are inserted in the tegument near the end of the handle. There are two rotating muscles attached to the blade near its distal tip and are directed proximally towards the region close to the proximal end of the domus. Moreover, there is a filament (fi) connecting the proximal end of the domus to the proximal end of the handle (Fig. 7) .
Examination of TEM sections through the handles revealed that they vary in their profiles from one region to another. It appears nearly circular in some sections , nearly circular with a notch on one side (Fig. 11 ) or nearly oval in other sections (Fig. 12) . Internally, the handle consists of three layers: an outer, very thin, highly electron-dense layer, an intermediate relatively wide moderately electron-dense layer and an inner highly electron-dense core . In transverse sections, the handle is seen associated with many myofibres which appear to be widely spaced in some sections (Figs 9, 11) and closely packed around the handle in other sections (Figs 13, 14) . The handle articulates with the proximal region of the blade at the guard region. In the articulation region, part of the handle is seen inserted between the guard region and the proximal region of the blade forming a joint like structure (Figs 15, 16) . This indicates that there is a depression in the articulation region between the distal region of the handle and the proximal region of the blade.
Examination of TEM sections through the proximal region of the blade in the articulation region revealed that the outer (convex) curved edge of the blade is thickened and has two lateral processes (Figs 15, 16) . In cross section, the proximal region of the blade in this region consists of an outer thin highly electron-dense layer, an intermediate moderately electron-dense layer and an inner highly electron-dense fibrous core (Fig. 16 ). It appears that the core of this region consists of fine fibrils embedded in moderately electron-dense material. The profile of the proximal region of the blade adjacent to the articulation region appears to be elongated without thickening (Fig. 17) , while the profile of the distal pointed region of the blade appears to be nearly oval with two notches on the two opposite sides (Fig. 18) . Distal to the articulation, the proximal region of the blade appears to consist of four layers: an outer thin highly electron-dense layer, a moderately electron-dense layer beneath the outer layer, and a relatively thick highly electron-dense layer and a moderately electrondense core (Fig. 17) . The internal structure of the distal region of the blade is similar in its structure to that of the handle but the inner core of the distal region of the blade appears to be less electron-dense (Fig. 18) .
In the light microscope, the domus is a filamentous loop running on each side of the blade, with its terminal ends coming into close contact with the distal pointed curved region of the blade (Figs 5, 7) . However, in TEM sections the domus appeared to be a single gutter-shaped sclerite (Figs 10, 12, 15, 17, 18) . The thickened edges of the domus give the appearance of a filament but are connected via a thin curved plate. The terminal (distal) end of the gutter-shaped sclerite comes into close contact with the distal curved region of the blade (Fig. 18) . The thickened edges of the proximal and middle regions of the domus appeared to be nearly triangular in shape (Figs 10, 12, 17) , while in the distal terminal region they appeared to be nearly oval (Fig. 18) . The material forming the thickened edges of the domus is highly electron-dense. The thin curved connecting plate is a double membranous structure containing a moderately electron-dense substance and it is continuous with a membrane surrounding the thickened edges (Figs 10, 12, 17, 18) . In some sections near the distal tip of the blade, each one of the thickened edges of the gutter-shaped domus is seen embedded between two myofibres, one anterior and one posterior (Fig. 18) .
A conspicuous feature of the marginal hooklet of M. congolensis is that the distal region of the handle, the domus and the distal "terminal" region of the blade are associated with a cavity (Figs 10, 12, 18 ). This cavity is lined with a thin epithelial layer. A tegument with a few tegumental inclusions lines part of the cavity associated with the distal region of the blade (Fig. 18) . The lining of the cavity surrounding the distal region of the blade connects with the adjacent layer by means of desmosomal junctions (Fig. 18) . The cavity associated with the handle and the proximal region of the domus is larger than that associated with the distal region of the blade (Figs 10, 12) . Such a cavity was not detected surrounding the proximal region of the blade in the articulation region ( Figs  15, 16 ) which indicates that the two cavities are not continu- Section through the handle (h) which appears to be nearly circular in profile and part of the cyton (cy) associated with each marginal hooklet; f, membranous folds; m, mitochondria; mf, myofibres; s, secretory bodies. 9. Sections through the handle (h) and part of a cyton (cy); f, membranous folds; ld, lipid droplet; mf, myofibres; s, secretory bodies. 10. Sections through the handle (h), the domus (do) and the associated cavity (c). Note the secretory bodies (s) in a part of the cyton (cy) surrounding the handle; mf, myofibres; ld, lipid droplet; ls, relatively large secretory bodies. 11. Section through the handle (h) which appears nearly circular in profile with a notch on one side (arrow head) and part of a cyton (cy). c, cavity; ld, lipid droplet; mf, myofibres; s, secretory bodies. 12. Section through the handle (h) which appears nearly oval in shape and surrounded by part of the cyton (cy). c, cavity; do, domus. 13. Section through the handle (h), myofibres (mf) and nucleated region of the cyton (cy) associated with the marginal hooklet. Note that the myofibres (mf) associated with the handle are closely packed. f, membranous folds; ld, lipid droplet; n, nucleus; s, secretory bodies Figs 14-19. Electron micrographs of TEM section through the posterior flap of M. congolensis. 14. Section through the handle (h), myofibres (mf) and nucleated region of the cyton (cy) associated with each marginal hooklet; ld, lipid droplet; f, membranous folds; n, nucleus; s, secretory bodies. 15. Section through the proximal region of the blade (pb) and the guard (g) in the region of articulation with the handle, the distal region of the blade (db) and the domus (do); c, cavity; cy, part of the cyton; ld, lipid droplet. 16. Section through the proximal region of the blade (pb) surrounded by part of the cyton (cy) containing many mitochondria (m) and membranous folds (f). Note the shape of the proximal region of the blade, with two lateral processes (arrow heads). Note also the articulation region between the handle (h) and the guard region (g) of the blade. 17. Section through the proximal region of the blade (pb) close to its articulation with the distal region of the handle (h). Note secretory bodies (s) and mitochondria (m) in a part of the cyton (cy) surrounding the proximal region of the blade and the handle; do, domus; ld, lipid droplet; mf, myofibres; s, secretory bodies. 18. Section through the distal region of the blade (db), the domus (do) and associated cavity (c); d, desmosomal junction; mf, myofibres; t, tegument. 19. Section showing the secretory bodies (s) of the cyton associated with each marginal hooklet. Note large secretory bodies (ls), secretory bodies within membranous vesicle (unlabelled arrows), a secretory body with translucent granule (arrow head) and secretory bodies with less electron dense extension (*); f, membranous folds; m, mitochondrion Safaa Z. Arafa 128 ous. No secretory bodies were detected in the cavity associated with the distal region of the handle and the domus or with the cavity associated with the distal region of the blade.
Each marginal hooklet is associated with a cyton, lying among the tissue of the posterior haptoral flap. Sections through the nucleated region of these cells (Figs 13, 14) revealed that the nucleus of each cell is peripheral in position, irregular in shape and the nucleoplasm contains many chromatin patches lying adjacent to the nuclear envelope. Little cytoplasm is present surrounding each nucleus (Figs 13, 14) . This cytoplasm is moderately electron-dense and contains abundant mitochondria, rough endoplasmic reticulum, ribosomes and probably Golgi bodies. The major part of the cell contains many double membrane folds extending from the plasma membrane surrounding the cell and ending in the middle region of the cytoplasm (Figs 13, 14) . Among these folds, mitochondria, rough endoplasmic reticulum, and electrondense secretory bodies were detected (Figs 13, 14) . The secretory bodies of this cyton vary as follows: spherical, oval, rod-shaped and irregular (Fig. 19) . A few of the secretory bodies are large (Figs 10, 19 ) and a few contain central translucent granules. Others appear to be enclosed within membranous vesicles (Fig. 19) . Many secretory granules appear to be surrounded by a less electron-dense region and have less electron-dense extensions (Fig. 19) . The part of the cyton which contains secretory bodies is always in close association with the myofibres (Figs 9, 10, 17) . Part of the cyton ensheathes the distal region of the handle (Figs 8-12 ), the proximal region of the blade and the guard (Figs 15-17) . Also part of this cyton is in close contact with the lining of the cavity associated with the domus (Fig. 10) . In some sections, the handle is associated with a small part of the cyton containing only cytoplasmic organelles like mitochondria (Figs 8, 12) , while in other sections, many secretory granules are found (Figs 9, 10 ). The part of the cyton surrounding the proximal region of the blade contains many mitochondria and secretory granules (Figs 16, 17) . The proximal part of the handle is not enveloped by this cell but is embedded in muscle fibres and interstitial material (Fig. 13) .
The posterior flap tissue contains large granules which are probably lipid droplets 13, 15, 17) . Similar droplets were found in the haptoral and other body tissues.
Discussion
Adult Macrogyrodactylus congolensis possesses 16 marginal hooklets (eight pairs). Each one is located in a fleshy lobe, 14 of them comprising a flap projecting from the posterior dorsal region of the haptor and each of the other two lobes occupying an anterolateral position on the haptor. All marginal hooklets of M. congolensis have the same morphology, each being composed of a handle, a blade with a guard and a domus. The morphology of the marginal hooklets of M. congolensis (Prudhoe, 1957) Yamaguti, 1963 is similar to that of other species of Macrogyrodactylus (see for example El-Naggar and Serag 1987, Douëllou and Chishawa 1995 , Nedeva et al. 2005 , Přikrylová and Gelnar 2008 . Phase contrast and light microscope observations on the living and stained specimens and fluorescence microscope observations on phalloidin-stained specimens revealed that there are 3 pairs of muscle fibres associated with each marginal hooklet namely: a pair of protractors, an anchoring muscle, a retractor muscle and a pair of rotating muscles. El-Naggar et al. (2004 studied the neuromusculature of M. clarii and M. congolensis respectively but they did not study the detailed musculature of each marginal hooklet. However, Arafa et al. (2007) studied the neuromusculature of a closely related gyrodactylid Gyrodactylus rysavyi, including muscle fibres associated with the marginal hooklet. The musculature of the marginal hooklet of M. congolensis of the present study is similar to that of G. rysavyi described by Arafa et al. (2007) with some differences. These differences are: in G. rysavyi, the presumed retractor muscles are longer than those of M. congolensis. Also, there is an additional muscle fibre attached to the proximal end of the handle of G. rysavyi and directed proximally. No similar muscle fibre was found associated with the handle of M. congolensis. Also, rotating muscle fibres associated with the distal pointed region of the blade of M. congolensis were not found in G. rysavyi.
The muscle fibres may operate the marginal hooklets of M. congolensis as follows: first, contraction of two "protractor muscles" attached to the proximal end of the handle would lead to emergence of the blade from the opening in the haptor tissue. Secondly, contraction of the single "anchoring muscle" attached to the guard would drive the hook into host tissue, since the blade/guard articulates with the distal end of the handle. The single "releasing muscle" attached to the blade on the other side of the articulation is presumed to be antagonistic to the "anchoring muscle" and on contraction of releasing muscle and relaxation of anchoring muscle the blade would rotate about the point of articulation thereby withdrawing the hook from host tissue. Contraction of two "rotating muscles" may rotate the distal pointed region of the blade to help withdrawing this region from the host tissue. Movement of the domus backward and forward may also have a role in insertion and releasing of distal region of the blade. The mechanism operating the marginal hooklet of M. congolensis proposed here is similar to that of G. rysavyi described by .
Most monogeneans attach themselves to the host tissue by hamuli, marginal hooklets, suckers, clamps, haptoral glands or by a combination of two or more of these. According to Shinn et al. (2003) , Gyrodactylus spp. depend mainly on the marginal hooklets for their attachment, but Harris (1983) stated that the marginal hooklets of the gyrodactylid Gyrodactylus farlowellae are unimportant in its attachment to the host skin because of their small size and shallow penetration. The author also suggested that the marginal hooklets may prevent the hamuli turning about their longitudinal axis and tearing free of the host skin. In the gyrodactylid monogenean Diplogyrodactylus martini, Přikrylová et al. (2009) recorded eight pairs of marginal hooks of two types, five pairs with well-defined large sickles (= blades) and the other three pairs of smaller hooks with well-articulated smaller sickles. The authors suggested that the smaller articulated hooks which are similar to those of Gyrodactylus spp. play the major role during attachment to the gills of the host Polypterus senegalus. El-Naggar et al. (2001b) studied the movement patterns of three gyrodactylid monogeneans namely Gyrodactylus rysavyi, M. clarii and M. congolensis. They reported that M. congolensis undergoes leech-like movement, elongation and shortening movements, rotation and self cleaning movements, and a characteristic pendulum-like movement. During a study of the feeding mechanism of M. congolensis, Arafa (1999) found that the haptor is firmly attached to the host skin. Arafa et al. (2003) used SEM to study the footprint of M. congolensis on the skin of Clarias gariepinus and they suggested that the parasites depend for attachment mainly on suction and penetration of the hamuli into the host skin. They suggested that the marginal hooklets of M. congolensis may have a minor role in attachment. Present study revealed the presence of powerful muscles associated with each marginal hooklet of M. congolensis which indicates that the marginal hooklets may have an important role in the attachment of the haptor to the host skin. Arafa et al. (2003) did no differentiate between the footprint formed as a result of leech-like movement and the footprints resulting from fixation of the haptor for feeding and other kinds of movement, which require attachment of the haptor for a relatively long time and involve contraction and relaxation of the powerful body muscles. Therefore, it is suggested that the parasites may use the hamuli and suction force during rapid leech-like movement. However, insertion of the hamuli and marginal hooklets in addition to the suction force may be used to fix the haptor of the parasite to the host skin during feeding, elongation and shortening movements, rotation and self cleaning movements and the characteristic pendulum-like movement.
Ultrastructural observations on M. congolensis revealed that in cross-section, the handle, the proximal region of the blade in the articulation region and the distal pointed region of the blade consist of three layers: an outer, very thin, highly electron-dense layer, an intermediate moderately electrondense layer and an inner electron-dense core. Distal to the articulation region of the blade with the handle, the blade appeared to consist of four layers: an outer, thin, highly electron-dense layer, a moderately electron-dense layer, a highly electron-dense layer and a moderately electron-dense core. The structural differences between the main regions of the hooklet may reflect differences in their chemical composition. At the TEM level, El-Naggar (1992) recorded differences in the structure between the main regions of the marginal hooklets of Cichlidogyrus halli typicus. Also, ElNaggar (1993b) recorded structural differences between different regions of the hamuli of the same monogenean. The author suggested that the central core of the hamuli may provide inner strength to resist the physical strain on the hook and the outer, and possibly the middle layers, may provide chemical resistance to the host's tissue secretion. The distal region of each root of each hamulus, which is covered with a fibrous hood, may be a specialized region for binding muscle fibres to the sclerite.
The most conspicuous feature of the marginal hooklet of M. congolensis is that the proximal region of the handle, the domus and the distal "terminal" region of the blade are associated with a cavity. Part of the cavity is lined with a thin epithelial layer. The part of the cavity surrounding the distal region of the blade is lined with a tegumental layer similar to that covering the marginal hooklet bearing lobes but with few tegumental inclusions. The cavity communicates with the exterior by means of small opening through which the curved distal region of the blade protrudes. A sleeve cavity provided with a supporting sclerite was recorded in association with the hamulus of the monogenean Cichlidogyrus halli typicus by El-Naggar and Kearn (1989) . This cavity also provides an exit for glandular secretions from the hamulus gland. However, a cavity similar to that of M. congolensis was detected by El-Naggar (1992) associated with the marginal hooklet of C. halli typicus. This hooklet cavity is partly lined with a syncytial cytoplasmic epithelium containing secretory bodies.
In M. congolensis, each marginal hooklet is associated with a cyton which contains electron-dense secretory bodies of different sizes and shapes among many membranous folds. These secretory bodies are different from the secretion found in the tegument covering the flap. Part of this cyton ensheathes the distal region of the handle, the proximal region of the blade and the guard. Another part of this cyton is in close contact with the lining of the cavity associated with the domus. Perhaps, this cell represent part of the oncoblast or hooklet-forming cell, similar to the continuous cytoplasmic layer or hooklet-sheathing cell (perhaps originally hooklet-forming cell) detected by El-Naggar (1992) in association with the marginal hooklets of C. halli typicus. In C. halli typicus, ElNaggar (1992) found that the syncytial lining of the cavity contains secretory bodies manufactured in the cytons; the hooklet cavity contains fine fibrous material, clusters of small electron-dense particles and vesicles of various sizes, including large spherical membrane-bound seceretory bodies. The author suggested that the membrane-bound bodies detected in the cavity are released by its lining epithelium. The author also noted the presence of fine particles in the region of the cavity around the hooklet blade, indicating that some secretory inclusions find their way to the exterior. Therefore, he suggested that this secretion may assist the penetration of the hooklet blade into the host's gills. In the present study, no secretory bodies were detected in the cavity associated with each marginal hooklet of M. congolensis. Also no gland cells were detected by El-Naggar et al. (1999) in the haptor of M. congolensis. So, glandular secretions may have no role in the penetration of the marginal hooklets into the host's skin but the penetration may be achieved mechanically by contraction
